The majority of porcine transmissible gastroenteritis coronavirus plus-strand RNAs (genome and subgenomic mRNAs), at the time of peak RNA synthesis (5 h postinfection), were not found in membraneprotected complexes in lysates of cells prepared by Dounce homogenization but were found to be susceptible to micrococcal nuclease (85%) or to sediment to a pellet in a cesium chloride gradient (61%). They therefore are probably free molecules in solution or components of easily dissociable complexes. By contrast, the majority of minus-strand RNAs (genome length and subgenomic mRNA length) were found to be resistant to micrococcal nuclease (69%) or to remain suspended in association with membrane-protected complexes following isopycnic sedimentation in a cesium chloride gradient (85%). Furthermore, 35% of the suspended minus strands were in a dense complex (1.20 to 1.24 g/ml) that contained an RNA plus-to-minus-strand molar ratio of approximately 8:1 and viral structural proteins S, M, and N, and 65% were in a light complex (1.15 to 1.17 g/ml) that contained nearly equimolar amounts of plus-and minus-strand RNAs and only trace amounts of proteins M and N. In no instance during fractionation were genome-length minus strands found segregated from sub-genome-length minus strands. These results indicate that all minus-strand species are components of similarly structured membrane-associated replication complexes and support the concept that all are active in the synthesis of plus-strand RNAs.
Coronaviruses are single-stranded, plus-strand RNA viruses with a genome of approximately 30 kb (19) . During replication in the cytoplasm, they produce not only a minus-strand copy of the genome (i.e., the antigenome) but also minus-strand copies of the six to eight 3Ј-coterminal subgenomic mRNAs (15, 16, 32, 33) . The abundance of the subgenomic minus-strand species (0.1 to 0.01 the level of mRNAs) (16, 33) , the kinetics of subgenomic minus-strand RNA synthesis relative to subgenomic mRNA synthesis (16, 33) , the presence of synthetically active double-strand subgenomic replicative (or transcriptive) forms (29) , and the analysis of mutant viruses temperature sensitive for minus-strand synthesis (31) have all indicated that the subgenomic minus-strand RNAs are active in the synthesis (i.e., amplification) of mRNAs. Initially (33) it was envisioned that the subgenomic mRNAs, generated perhaps by a leader-priming mechanism (19) , were the templates for subgenomic minus-strand RNA synthesis. In this scheme, minus strands thus generated would be templates for mRNA amplification by a replication model (16, 33) . More recent experimentation (9, 29, 30) has suggested that the subgenomic minus-strand RNAs with fused 3Ј-terminal antileaders (32) may be the first molecules generated and that they then serve as templates for subgenomic plus-strand synthesis (30) . The in vivo synthesis of plus strands from T7 RNA polymerase-transcribed minus strands in virus-infected cells (14) would seem to support this second model. Neither of the models, however, has been proven by direct experimentation in an in vitro system, nor has it been directly determined in vitro whether intergenic promoters within subgenomic minus-strand RNAs can serve as templates for the synthesis of mRNAs of smaller size (7) .
In an effort to develop an in vitro system to examine these issues, we began with the membranous postnuclear fraction of porcine transmissible gastroenteritis coronavirus (TGEV)-infected cells known to contain RNA-dependent RNA polymerase activity (11) . During attempts to remove endogenous viral RNA templates, we learned that viral plus-strand RNAs (approximately 15% of the total) and minus-strand RNAs (approximately 69% of the total) were protected from micrococcal nuclease digestion in membranous complexes. The membranous complexes containing the majority of minus-strand RNA species, furthermore, could be resolved by isopycnic sedimentation in a CsCl gradient into two general populations. The denser population (1.20 to 1.24 g/ml) contained plus-to-minusstrand molar ratios averaging 8:1 among all RNA species along with the S, M, and N virus structural proteins, whereas the lighter population (1.15 to 1.17 g/ml) contained plus-to-minusstrand molar ratios averaging nearly 1:1 and only very minor amounts of the M and N proteins. In all fractions, regardless of the procedure used for preparation, genome-length and subgenome-length minus strands were found together in amounts reflecting relative mRNA abundancies in whole-cell preparations. This distribution supports the view that antigenome and subgenomic minus-strand RNAs function similarly in plusstrand RNA synthesis. We postulate, furthermore, that the denser population represents complexes used primarily for abundant synthesis of mRNAs that become immediately available for translation.
MATERIALS AND METHODS

Cells and virus.
Plaque purification of the Purdue strain of TGEV from an infectious genome and preparation of virus stocks between passages 3 and 10 on swine testicle cells have been described previously (6, 17) .
Preparation and experimental treatment of the RNA-dependent RNA polymerase-containing postnuclear fraction. Infection of cells, cell lysis, and preparation of the postnuclear fraction were done as previously described (11) except that the ionic detergent deoxycholate (0.28% [wt/wt], final concentration) was omitted in the last step unless otherwise indicated. Briefly, 4 ϫ 10 7 cells (2-150-cm 2 flasks) were infected with a multiplicity of 10 PFU/cell; at 5 h postinfection, cells were washed five times with ice-cold TN buffer (10.0 mM Tris [pH 7.4], 100 mM NaCl) and harvested by scraping and pelleting. Cells were gently resuspended in 1 ml of 0.3 M sucrose made up in RNase-free water, held on ice for 10 min, and then broken by 15 strokes in a tight-fitting 5-ml Dounce homogenizer. Nuclei were pelleted at 650 ϫ g for 7 min; the supernatant (approximately 1 ml) was adjusted to contain 50 mM Tris-HCl (pH 8.0) and 40 g of dextran sulfate per ml and called the postnuclear fraction. For sedimentation analysis, the postnuclear fraction (0.6 ml/gradient) was either (i) loaded directly onto a cesium chloride gradient (Fig. 1) , (ii) treated with micrococcal nuclease before loading, or (iii) treated with detergent before loading.
For micrococcal nuclease treatment, essentially the method of Miller and Hall (21) was used except that detergent was omitted from the digestion mix unless otherwise indicated. Briefly, the postnuclear fraction was made 625 M CaCl 2 and then incubated with 0.6 U of micrococcal nuclease (Boehringer Mannheim) per ml at room temperature for 30 min. The reaction was stopped by the addition of 0.1 volume of 0.5 M EGTA (pH 8.0). For treatment with detergent, the postnuclear fraction was made either 0.28% (wt/wt) deoxycholate (11) or 0.1, 0.25, or 1.0% (vol/vol) Nonidet P-40 and incubated for 30 min at room temperature before nuclease treatment.
Isopycnic sedimentation in a cesium chloride gradient. The method of Raju et al. (27) was used. Briefly, 0.6 ml of the indicated preparation was layered onto a 4.4-ml linear gradient of 20 to 40% (wt/wt) CsCl made up in TNE buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA), and the gradient was centrifuged at 45,000 rpm in an AH650 rotor (Sorvall) for 16 h at 10°C. Fractions of 0.5 ml were collected by micropipetting from the top and used directly for RNA extraction or protein analysis or were first dialyzed for 2.5 h against TNE at 4°C in a membrane microdialysis apparatus (8-kDa-molecular-mass cutoff) (Bethesda Research Laboratories) before further treatment. Buoyant densities were determined from the refractive indices.
RNA blot (Northern) analysis. Northern analyses were done as previously described (33) . Briefly, extracted RNA was denatured with formaldehyde-formamide, electrophoresed on a 1% agarose gel in the presence of formaldehyde, vacuum blotted onto a positively charged nylon membrane, and probed. Probe 1 (5Ј-CAGCATGGAGAAGACGAGCATCTCG-3Ј), which binds within the HP gene (17, 37) , and probe 2 (the complement of probe 1) were 5Ј end labeled with [␥-32 P]ATP (ICN Biochemicals, Irvine, Calif.) and polynucleotide kinase and used to detect plus and minus strands, respectively. Specific activities, which ranged from 1.5 to 3.5 ϫ 10 6 cpm/pmol, differed between the two probes by no more than 18% for any preparation and was a difference accounted for when molar ratios were determined. Blots were analyzed quantitatively with the BioRad GS-670 Densitometer, Molecular Analyst system.
Protein blot (Western) analysis. One-half of each 500-l fraction from the CsCl gradient was used for protein analysis. Proteins were precipitated with 3 volumes of acetone at Ϫ20°C, recovered by sedimentation at 14,000 ϫ g for 10 min, dissolved in 15 l of 50 mM Tris-HCl (pH 8.0), and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a gel of 12% polyacrylamide. Proteins were transferred to nitrocellulose by electrophoresis, and virusspecific proteins were identified by Western blotting using a 1:10 dilution of TGEV-specific hyperimmune porcine serum (a gift from L. Kemeny, National Animal Disease Laboratory, Ames, Iowa) and 125 I-protein A (ICN) as described previously (18, 37) .
RESULTS
The majority of coronavirus intracellular minus-strand RNAs are found in membrane-protected complexes. In attempts to develop an in vitro coronavirus RNA-synthesizing system responsive to exogenously added RNAs, the postnuclear fraction of TGEV-infected cells containing 0.28% (wt/ wt) deoxycholate (11) was treated with micrococcal nuclease to remove endogenous RNA templates. Micrococcal nuclease, which digests both single-and double-stranded RNA and DNA to mononucleosides in a reaction controlled by the concentration of Ca 2ϩ , has been successfully used in the presence of nonionic detergent to render brome mosaic virus preparations free of endogenous templates and responsive to exogenously added RNA (21). Although we have so far been unable to show responses to added synthetic mRNA templates, or to their complementary minus strands, from these experiments we observed surprisingly that whereas 83% of the intracytoplasmic plus-strand RNA species (genome and subgenomic mRNAs) were eliminated by treatment with micrococcal nuclease, only 18% of minus strands were similarly removed (Fig.  2, lanes 1 to 4) . In the absence of the deoxycholate, these percentages became 85 and 31%, respectively (averages of three experiments) (Fig. 2, lanes 5 to 8) , indicating that deoxycholate at this concentration had little effect on the protection of viral RNA species. Our surprise stemmed from a presumption that membranes would have been sufficiently disrupted by the detergent to render all RNAs susceptible to nuclease. These results prompted an investigation into how minus strands are compartmentalized relative to one another and to plus strands.
The resistance of the minus-strand RNAs to micrococcal Resistance of viral RNA species in the postnuclear fraction to micrococcal nuclease. RNA was extracted from the postnuclear fraction after the specified treatment and analyzed by Northern analysis. Blots were probed with end-labeled oligodeoxynucleotides that specifically detect plus-or minus-strand RNAs (33) . Lanes 1 to 4, the postnuclear fraction was resuspended in 0.28% deoxycholate as described in reference 11 prior to micrococcal nuclease treatment; lanes 5 to 8, the postnuclear fraction was resuspended in the absence of detergent prior to micrococcal nuclease treatment. mRNA species (identified) are named for the proteins encoded by their 5Ј-proximal open reading frames (33) . Minus-strand RNA species (not identified) migrate to positions near those of their plus-strand counterparts.
nuclease in the presence of detergent suggested that they were perhaps protected as tightly configured ribonucleoprotein (RNP) complexes as found for the genomic and antigenomic RNAs of the nonsegmented and some segmented negativestrand animal viruses (23, 27) (the segmented influenza virus RNPs are susceptible to RNase digestion [26] ) or were protected, despite the presence of 0.28% deoxycholate, by lipid membranes possibly similar to those associated with replication complexes of the plus-strand picornaviruses (4) and alphaviruses (2, 13) . To distinguish between these possibilities, the postnuclear fraction was subjected to isopycnic sedimentation in a CsCl gradient of 1.19 M (1.17 g/ml) to 2.28 M (1.42 g/ml) (Fig. 1) , either with or without prior treatment with 0.1, 0.25, or 1.0% (vol/vol) Nonidet P-40, a detergent that at a concentration of 1% is known to release coronavirus RNPs (35) . A stable RNP complex would be expected to band in the gradient with a buoyant density of nearly 1.31 g/ml and to be unaffected by the addition of detergent (27) . Membrane-protected complexes in the absence of detergent would also be expected to band in the CsCl gradient, based on experiments with membrane-limited organelles (28) , but in the presence of detergent would be expected to disassemble. RNA released from the complex would be expected to pellet. As illustrated in Fig. 3A , lanes 1 to 11, and 3B, lanes 1 to 11, when the postnuclear fraction was prepared with no detergent and sedimented, 39% of plus strands and 85% of minus strands (averages of three experiments) were found banded in the top five fractions of the gradient between buoyant densities of 1.15 and 1.24 g/ml, the only region of the gradient showing cloudy bands. The remainder of the RNA, which was 61% of plus strands and 15% of minus strands, was found in the pellet. In the presence of 0.25 and 1.0% Nonidet P-40, all of both strands was found in the pellet (data not shown). In the presence of 0.1% Nonidet P-40, a small amount of both plus and minus strands remained suspended in the top five fractions (data not shown). These results indicate that minus strands in the postnuclear fraction are banding not as stable RNPs but as components of membranous complexes requiring, in the case of Nonidet P-40, a detergent concentration of Ͼ0.1% for total disruption. Some of the plus-strand species may have been in the membranous complexes as well or possibly in virions at various stages of assembly within pre-Golgi-derived enveloped microsomal structures (36) .
It was also ruled out that minus-strand RNAs were protected from micrococcal nuclease by RNP-like structures through experiments in which protease treatment of the postnuclear fraction prepared in the absence of detergent (22) failed to expose the minus-strand RNAs to nuclease (data not shown). Treatments included proteinase K, chymotrypsin, or trypsin at 400 g/ml (final concentration) for 30 min at 20°C.
To determine whether the plus-strand RNPs from mature virions would be stable enough to remain suspended in a CsCl gradient and thus explain the presence of some of the plus strands in the upper part of the gradient, purified TGEV was treated for 30 min at 20°C with 1% Nonidet P-40 (35) and sedimented. Nearly all of the RNA from Nonidet P-40-treated virions pelleted, but some remained suspended throughout the bottom five fractions (data not shown), establishing that the TGEV genomic RNP is mostly unstable in the CsCl gradient and making it unlikely that the plus-strand RNAs in the upper half of the gradient came from intracellular viral RNPs.
Two types of membranous complexes were found: a denser one containing most of the suspended plus-strand RNAs and a lighter one containing most of the suspended minus-strand RNAs. Although essentially all of the RNA species remaining in suspension after isopycnic sedimentation of the postnuclear fraction were in the top five fractions, the patterns of plus-and minus-strand distribution were not superimposable. Both genomic and subgenomic plus strands were skewed toward the gradient center (i.e., showing greatest abundance in fraction 4 [ Fig. 3A, lanes 1 to 5] ), whereas the minus strands were skewed toward the top (i.e., showing greatest abundance in fractions 1 and 2 [ Fig. 3B, lanes 1 to 5] ). On a molar basis, calculated from absorbance in the autoradiograms and specific activities of the probes, plus strands were on average eightfold more abundant than minus strands in fractions 3 through 5 (ranging from nearly 20:1 for genome to 4:1 for N mRNA) but were nearly equal in fractions 1 and 2. The distinctly different skewing patterns of plus and minus strands were found in each of three separate experiments.
To explain the skewing of the plus-strand RNAs toward the gradient center, we postulated that they were in some way associated in high concentration with structures producing mRNAs for immediate translation. We viewed it as unlikely 22) . RNA was electrophoresed, blotted, and probed for the detection of plus strands. mRNA species are identified. (B) Northern detection of minus-strand RNAs. Treatments were the same as for in panel A except that RNA was probed for the detection of minus strands. Minus-strand RNA species (indicated by the prefix "␣") are identified. gen., genome.
that they, except for possibly some genomic RNA, represented packaged species since TGEV virions contain only minor amounts of subgenomic plus strands (33) . We also thought it unlikely that the abundant mRNAs represented components of polyribosomes since the conditions of the gradient, namely, high salt (CsCl) and the presence of a chelating agent (EDTA), are incompatible with polysomal integrity (25) . To test whether mRNAs associated with structures in the gradient center are potentially accessible for translation, the postnuclear fraction prepared in the absence of detergent was treated with micrococcal nuclease before sedimentation, and the amounts and distributions of plus and minus strands following nuclease treatment were determined. As illustrated in Fig. 3A, lanes 12 to 16, the plus strands in fractions 1 through 5 were reduced in amount, most notably in fractions 2 and 5, compared to undigested material (Fig. 3A, lanes 1 to 5) , suggesting that some of the plus strands are on the surface of membranous structures and therefore probably accessible for translation.
Interestingly, following micrococcal nuclease treatment, the abundance of minus strands in fractions 1 and 2 (Fig. 3B, lanes  1 and 2) was also decreased, but for these there was a corresponding increase in abundance in the gradient center (i.e., primarily in fraction 4 [ Fig. 3B, lanes 12 to 15] ). Thus, after nuclease treatment, the distributions of plus and minus strands became nearly superimposable and roughly equimolar among the subgenomic species.
To exclude the effects of altered membrane sedimentation properties that might have resulted from the RNase treatment, cytoplasmic lysate was sedimented, fractionated, and dialyzed before the nuclease digestion step and subsequent Northern analysis (Fig. 4) . This analysis demonstrated first that there was a net decrease in the amount of plus strands in the gradient center and of minus strands in the gradient top as a result of nuclease digestion, supporting the conclusion that there are surface-adherent molecules of both plus and minus strands on membranous structures in these fractions. Second, the distributions of plus-and minus-strand RNA species remaining after nuclease treatment (appearing most abundantly in fractions 1 and 2 for minus strands and fractions 2 and 3 for plus strands) were essentially equimolar in fractions 1 and 2, suggesting that the RNA-containing membranous complexes with buoyant densities of 1.15 to 1.17 and 1.20 to 1.24 are of fundamentally different composition. Furthermore, the experiment shows that the membranous complexes had undergone changes in sedimentation properties as a result of RNase treatment.
Few if any viral structural proteins are associated with the lighter membrane complex. To determine which virus-specific proteins might be associated with the two membranous populations, proteins collected from one half of each fraction of the gradients illustrated in Fig. 3 were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by immunoblotting with porcine hyperimmune anti-TGEV serum (Fig. 5) . The serum was preadsorbed with uninfected swine testicle cells and does not detect cellular proteins in the immunoblot but does recognize all three major structural proteins of TGEV (21a) . From immunoblots of preparations made in the absence of nuclease (Fig. 5A) , it was observed that whereas abundant amounts of proteins the sizes of S, M, and N were found in the region of the high-density complex (fractions 3 through 5), only small amounts of proteins the sizes of M and N were found in the lighter membrane complexes (fractions 1 and 2). This finding suggests, especially from the profile in fraction 1, that there are few viral structural proteins associated with the minus-strand-containing membranous structures. Curiously, fraction 5 of the nuclease-treated fractions had relatively large amounts of protein the sizes of S and N, but not of M, and a greatly diminished RNA content (Fig. 5B) , suggesting that the structural proteins in these fractions were probably contributed not by virus particles but by proteins at membrane-associated sites of virus assembly.
DISCUSSION
A common if not universal property among cytoplasmically replicating positive-strand RNA viruses of plants and animals is an intimate association of the RNA-synthesizing machinery with cellular membranes (references 1, 2, 4, 5, 11, 13, 20, 21, 38 , and 39 and references therein). In studies in which in vitro viral RNA synthesis was carried out in the presence of nonionic detergents, and thus presumably in the absence of intact membranes, only minus-strand products were found (38, 39) . Complete replication in vitro leading to the synthesis of new plus strands from input plus-strand templates has required the presence of membranes (1) or the components of membrane-forming structures (38) . Membrane integrity, therefore, appears to be critical for RNA replication, although the mechanistic basis for this requirement is not understood, nor is the precise anat- Here, with the use of CsCl gradients, we demonstrate the physical separation of RNA-containing membrane replication complexes of a coronavirus (11) on the basis of buoyant density. We learned that complexes prepared in this way are made up of at least two poorly defined but nevertheless distinct buoyant density groups. Curiously, two populations of RNAdependent RNA polymerase-containing complexes were also resolved by isokinetic sedimentation in sucrose gradients in an earlier analysis of TGEV membrane-associated polymerase (11) , but the relationship between these and the complexes identified here has not yet been determined. Although it cannot be expected that the physical character of the two sets of complexes in the separate experiments would necessarily be the same, since the high salt in the CsCl gradient might have removed adherent surface proteins or nucleic acids, or the intracomplex cation content might have been altered by a transmembrane exchange with Cs ϩ (28), it is possible that the different methods of separation resolve the same two populations of structures. Interestingly, the existence of two populations of membrane-associated replication complexes is also consistent with the heterogeneous character of membranous vesicles observed by electron microscopy in coronavirus-infected cells (10, 12, 34) . Vesicles which are the probable sites of RNA synthesis, based on intravesicular immunostaining with antipolymerase antibodies (3) and by analogy with the RNA-dependent RNA polymerase-containing structures in cells infected with picornavirus (4) and alphavirus (13) , were shown to be heterogeneous with regard to both electron density and size (12) . Thus, it is tempting to speculate that the two populations of membranous complexes reflect structures having specialized function in RNA replication or transcription. Considering the data together, we envision that the denser complex might function primarily in the abundant synthesis of mRNAs and that the lighter complex might function in the synthesis of more or less equal amounts of minus and plus strands. Translation in (or near) either complex might happen only to the extent that it fulfills a possible cis-acting requirement for RNA replication (8) . Such a system might allow for an uncoupling between the processes of translation and minus-strand RNA synthesis that would otherwise be competing for the same plus-strand template.
In addition to results showing minus-strand RNA species associating almost exclusively with membrane-protected structures, a most notable observation was that the genomic and subgenomic minus-strand RNAs in all cases were found to copartition among the buoyant subpopulations. This finding along with earlier data showing the template involvement of subgenomic minus strands (16, 29, 31, 33) supports the notion that the minus-strand species of all sizes function as templates for plus-strand RNA synthesis. Our data show, furthermore, that CsCl gradients might be useful for obtaining preparations of coronavirus membrane-associated replication complexes for the mechanistic analysis of replication and transcription. Successful recovery of functional RNA-dependent RNA polymerase-containing RNP complexes of negative-strand RNA viruses from CsCl gradients (23, 24, 26) suggests that CsCl is not necessarily intrinsically toxic to viral RNA polymerase and that active coronavirus replication complexes may be recoverable from CsCl gradients. Synthetic templates of known ability to replicate and transcribe in vivo, such as the genomes of coronavirus defective interfering RNAs, would appear to be molecules of choice for these studies.
